The axons of retinal ganglion neurons form a precise topographic map in the optic tectum in the midbrain, and the guidance of retinal axons by directional cues in the tectum is crucial in this process. Several in vitro systems have been developed in order to identify the molecular basis of these directional cues. Temporal, but not nasal, retinal axons avoid posterior tectal membranes and grow on anterior membranes as a result of repellent guidance activities that are linked by glycosylphosphatidylinositol (GPI) anchors to the posterior membranes. A putative GPI-anchored repulsive guidance molecule with a molecular weight of 33 kDa has previously been characterized. Indirect results from experiments in vitro support the hypothesis that this 33 kDa molecule guides temporal retinal axons.
Background
Retinal ganglion axons project topographically onto the optic tectum. Several mechanisms, acting in concert, are thought to be involved in the formation of the retinotectal projection. The guidance of retinal axons by directional cues, selective branch formation and specific trophic influences may lead to a crude initial topographic projection which is later refined by electrical activity [1] [2] [3] [4] [5] . Ultimately, a very precise map is formed in which temporal retinal ganglion cell axons project to the anterior optic tectum, nasal axons to the posterior, dorsal axons to the ventral tectum and ventral axons to the dorsal tectum. After their arrival at the anterior pole of the optic tectum, retinal axons have to find their postsynaptic target neurons. This is a complicated task, in which guidance of the retinal axons by directional cues expressed in the tectum is crucially involved.
Several in vitro assay systems have been indispensable tools in the identification of the molecular basis of directional cues [6] [7] [8] [9] . In the 'stripe assay', retinal axons are offered alternating stripes of anterior and posterior tectal membranes as substrates on which to grow [8] . From this assay, it is known that temporal retinal axons are guided by repellent proteins of posterior tectal membranes that are anchored by glycosylphosphatidyl inositol (GPI) linkages [10] . Similar -probably identical -GPI-anchored activities of posterior tectal membranes are active in a second assay, the 'growth cone collapse assay' [9, 11] . In this assay, retinal growth cones growing on laminin are confronted with tectal membranes. Membranes from posterior tectum, but not from anterior tectum, induce collapse of temporal retinal growth cones. Nasal growth cones do not collapse with either anterior or posterior tectal membranes [9] . A GPI-anchored 33 kDa protein has previously been suggested as a candidate for a collapse-inducing and guidance activity [12] , but direct evidence for this has been lacking.
Results and discussion
The monoclonal antibody F3D4 recognizes a repellent guidance molecule
To obtain direct evidence for the role of the 33 kDa molecule in collapse-induction and guidance, monoclonal antibodies were raised against supernatants obtained by treating tectal membranes with phosphatidylinositolspecific phospholipase C (PI-PLC). The monoclonal immunoglobulin M (IgM), F3D4, recognizes a 33 kDa molecule as well as 35 kDa and 205 kDa proteins (Fig.  1a) . Of these, only the 33 kDa protein is GPI-anchored (Fig. 1c) . We refer to this 33 kDa F3D4 antigen as RGM (repulsive guidance molecule).
The F3D4 antigens are present when retinal axons grow into the tectum and their concentrations are higher in posterior than in anterior tectal membranes (Fig. 1b) . F3D4 immunostaining of cryostat sections of chick embryos at embryonic day 9 (E9) reveals a gradient of immunoreactivity, increasing from the anterior to the posterior pole of the optic tectum (Fig. 2) . The F3D4 antigens are localized in the outermost tectal layer (stratum opticum), where retinal axons grow. Furthermore, in dissociated embryonic tectal cell cultures, F3D4 antigens are expressed on neurofilament-and NCAM-positive neuronal cells (B.K.M., unpublished observations), and these were recently shown to be repellent to retinal axons [13] . As is the case for many monoclonal antibodies, F3D4 does not inactivate the presumed function of the antigen -namely the repellent activity of posterior tectal membranes that is specific for temporal axons -in the stripe assay.
In order to transform the F3D4 monoclonal antibody into a blocking reagent, we used chromophore-assisted laser inactivation (CALI) [14] [15] [16] [17] . CALI is a very specific method for inactivating antibody-linked proteins with a high degree of temporal and spatial resolution [15, 16] . For a CALI experiment, the chromophore malachite green (MG) must be covalently bound to the antibody. Incubation of antigens with MG-labeled antibodies, followed by laser irradiation, induces the formation of free radicals, which in turn destroy the antigens. Because of the short lifetime of these radicals, CALI-induced antigen destruction is spatially very restricted [17] .
CALI of RGM eliminates the repulsive guidance activity of posterior tectal membranes
To examine the role of F3D4 antigens in guiding temporal axons, striped tectal membrane carpets were incubated with MG-labeled F3D4, or with unlabeled antibodies or MG-labeled control IgMs. The carpets were irradiated with 620 nm pulsed laser light. Outside the laser-irradiated zone, temporal axons were guided and grew preferentially on anterior tectal membrane stripes while avoiding the posterior tectal membranes (see the region outside the white broken line in Fig. 3a) . Complete elimination of the Inside the irradiated area, temporal axons were not restricted to the anterior stripes but crossed the anterior-posterior border freely, resulting in a splaying out of temporal axon fascicles (area within the box in Fig. 3a ).
Striped outgrowth of temporal axons was evaluated as described by Walter et al. [8] . Inside the laser-irradiated area, the decision of temporal axons dropped to a value close to zero, whereas outside the irradiated area, their decision was classified as 2 or 3 (Fig. 4a) . The behavior of temporal retinal axons inside and outside the laser irradiated area of the F3D4-MG-treated membrane carpets showed a significant difference (p < 0.0001, paired t-test).
To rule out the possibility that the high energy of the laser light causes nonspecific effects on the membrane substratum, carpets incubated with unlabeled F3D4 or with phosphate-buffered saline (PBS) alone were also laser-irradiated. We could not detect any difference between the behaviour of temporal axons inside and outside the laserirradiated areas (Figs 3b,d and 4b) on either of these sets of carpets. Irradiation of membrane carpets incubated with three different control antibodies -Q211, which binds to tectal membranes; anti-vimentin, and standard mouse IgM -labeled at the same molar ratio with MG and used at similar or higher concentrations, did not influence the repulsion of temporal axons (Figs 3c and 4b ). Outside and inside the laser-irradiated zone, temporal axons were repelled by posterior tectal membranes and no significant differences were observed (p < 0.67, paired t-test). In none of the experiments with control antibodies was a strong effect observed (Fig. 4b) , showing that laser irradiation with nonspecific binding of MG-labeled IgMs to tectal membranes did not affect temporal axon guidance.
RGM, a repulsive guidance molecule of chick tectal membranes
Our results show that the F3D4 antibody is directed against a 33 kDa GPI-linked tectal protein, which we have named RGM. RGM is expressed in a graded fashion in the tectum and is involved in the guidance of temporal retinal axons in vitro. The 35 kDa and 205 kDa F3D4 antigens are not linked to the membrane by a GPI anchor (Fig. 1c) and have been ruled out as mediators of repulsion by previous experiments showing that PI-PLC treatment of posterior tectal membranes completely abolishes their repulsive activity [10] .
Research RGM is distinct from RAGS (repulsive axon guidance signal) and ELF-1 (Eph ligand family 1), two recently described GPI-linked molecules with graded tectal distributions similar to that of RGM [18] [19] [20] [21] . RGM differs from these molecules in molecular weight and isoelectric point, and F3D4 does not recognize either RAGS or ELF-1 on western blots (B.K.M., unpublished observations). RAGS and ELF-1, members of the B61 family [22] of ligands for Eph receptor tyrosine kinases, have recently been shown to guide retinal axons in a modified stripe assay [20, 21] . In previous studies, a protein fraction purified on DEAE-Sepharose that contained RGM, but not RAGS or ELF-1, guided retinal axons when it was incorporated in lecithin vesicles, and also induced collapse of temporal but not nasal retinal growth cones [12] . These data suggest that RGM, RAGS and ELF-1 are all involved in the repulsive guidance of retinal axons in the tectum.
Several different repulsive guidance molecules are involved in the guidance of temporal retinal axons
It is interesting to note that the repulsion of temporal axons is eliminated in the stripe assay by CALI using F3D4 on tectal membranes that contain RGM, RAGS and ELF-1. Complete elimination of repulsive guidance was seen in 58 % of CALI-treated membrane carpets. In another 32 % of membrane carpets treated with CALI and F3D4, the decision of temporal axons to grow on anterior and not posterior tectal membranes was decreased. The presence of ELF-1 and RAGS in the membrane carpets may explain why complete elimination of guidance was not always seen. Both of these molecules have guiding activities in a modified stripe assay: RAGS guides both temporal and nasal retinal axons, whereas ELF-1 is specific for temporal axons ( [21] and B. Monschau, B.K.M, F.B., U.
Drescher and colleagues, unpublished observations).
Experiments in vivo using retroviral overexpression of ELF-1 in the anterior tectum result in abnormal projections of temporal axons, but not of nasal axons [21] . With these two additional guidance activities, besides RGM, present in posterior tectal membranes, complete inactivation of repulsive guidance seems possible only when RGM is closely associated with RAGS and ELF-1.
In vivo, RGM is found predominantly, but not exclusively, on neurons [23] , whereas RAGS seems to be predominantly expressed, but also not exclusively, on radial glial cells [20] . In situ hybridization experiments with a RAGS antisense probe revealed strong staining of ventricular layers in the posterior tectum, which declined towards the anterior pole. A similarly graded RAGS mRNA signal is also visible in a more central tectal layer [20] , suggesting that RAGS is expressed in tectal neurons. The human homologue of RAGS, AL-1, is expressed by glial cells (astrocytes) and weak expression has been observed in cortical neurons [24] . ELF-1 mRNA is also expressed in an anterior-posterior gradient in the tectum and is present throughout all tectal layers, suggesting its presence in both neurons and glia [21] .
Two studies in vitro, addressing the cellular localization of the temporal-specific repulsive activity of posterior tectum, revealed that in the chick embryo, posterior tectal neurons appear selectively repellent for temporal axons [13] . In similar studies, performed with co-cultures of tectal cells and retinal neurons from Xenopus, it was shown that glial cells from posterior tectum, but not from anterior tectum, are repellent for temporal retinal axons [25] . These experiments suggest that both glial cells and neurons of posterior tectum express temporal-specific repulsive molecules. A close association of RAGS, RGM and ELF-1 is therefore likely. It is known that ligands for Eph receptor tyrosine kinases require membrane attachment or the formation of clusters for full receptor activation [26] . Because of the large size of IgM molecules, CALI of antigens using IgM may affect several molecular partners within heteromeric complexes, although the method has been shown to be largely restricted to single binding partners when performed using IgGs [15] .
Incomplete inactivation of repellent guidance was observed in 42 % of the irradiated carpets that were incubated with F3D4-MG. In these carpets, repellent guidance of temporal axons was reduced, with some temporal axons (25-40 %) crossing the anterio-posterior border. Both CALI and the preparation of striped membrane carpets involve many parameters that can vary slightly and this might explain why, in a substantial number of membrane carpets, inactivation was not complete. At present, we can not determine conclusively whether RGM is a cofactor potentiating the activity of RAGS and ELF-1 or if it is a third, redundant, repellent guidance molecule, acting in parallel to RAGS and ELF-1. Cloning of RGM and gene deletion experiments will help to answer this question.
Conclusions
The spatially restricted inactivation of RGM strongly influences guidance of temporal retinal axons in vitro and points to a heterogeneity of guidance molecules in the optic tectum, where the interaction of RGM, RAGS and ELF-1 with receptors on the ingrowing retinal fibers may be crucial for the formation of the retinotectal map.
Materials and methods

Immunization of mice and screening of hybridoma supernatants
Balb/c mice were immunized with proteins which had been associated with membranes via GPI-anchors and which were removed by treatment of the membranes with PI-PLC (Boehringer Mannheim). Screening of 1 200 hybridoma supernatants for antibodies that bound was performed using western blots and immunohistochemistry of cryostat sections.
Immunohistochemistry and gradient measurements
Cryostat sections from E9 (embryonic day 9) chick embryos were blocked with 1 % bovine serum albumin and were incubated overnight with F3D4. Antibody-binding was made visible with a Cy-3-conjugated secondary antibody. Images were recorded with a cooled CCD camera (Photometrics) and pseudo-coloring was performed with image-analysis software.
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Figure 4
Chromophore-assisted laser inactivation of RGM. Five different cryostat sections from E9 and E10 chick tecta were incubated with F3D4 and a Cy-3-conjugated secondary antibody. Photographs of these sections were scanned and gradients were measured using the image analysis program NIH 1.57. Pixel intensity quantification was performed at several positions along the anterio-posterior axis. Pixel intensity values were corrected for background values determined outside and inside the stained sections.
Labeling of antibodies with malachite green isothiocyanate and incubation of membrane carpets with labeled antibodies
F3D4 and control antibodies were labeled with malachite green (MG) at a molar ratio of 1:6 and unbound dye was removed by gel filtration on a Sephadex PD10 column (Pharmacia), as described previously [15] . Membrane carpets were incubated with MG-labeled antibodies (10 g per carpet), non-labeled antibodies (10g per carpet) or with phosphate-buffered saline (PBS) for 3 h at 4°C.
Laser irradiation of membrane carpets
Irradiation of the membrane carpets was performed with an excimer laser (peak power 50-80 MW cm -2 ; Lambda physik). The zone of irradiation, indicated by the dashed lines in Figure 3 , had a diameter of approximately 800 m, corresponding to four or five posterior membrane stripes. The pulsed lasers were driven at a frequency of 5 Hz and the duration of a single pulse was 10 ns. We used a wavelength of 620 nm to excite the chromophore. Irradiation time per laser spot was 2-5 min. In experiments in which the carpet was irradiated over its whole width, a computer-controlled scanning table was used to move the carpet. Data about the location of the laser spots on the carpets obtained with the scanning table were stored on a hard disk. Every carpet had a reference point and this reference point enabled identification and localization of the laser-irradiated spots with high accuracy.
Evaluation of membrane carpets
After irradiation, retinal explants stained with DiAsp (4,4-didecylaminostyryl-N-methylpyridiniumiodide) were placed on the membrane carpets. After 48-72 h, cultures were fixed with 4 % paraformaldehyde, 0.33 M sucrose (in PBS) and were analysed. Images of retinal axons on membrane carpets were stored on a hard disk. Evaluation of the experiments was done by two colleagues, double-blind and independently from each other. To evaluate the effect of laser irradiation on antibody-or PBS-treated membrane carpets, the decision of temporal axons growing on both anterior and posterior stripes was rated as 0 (as is typical for nasal axons), meaning no repulsion, whereas the decision of temporal axons showing a strong preference for anterior membrane stripes was rated as 3, corresponding to strong repulsion [8] .
